The circulatory changes that occur within the first four months after cardiac infarction have not been studied to the same extent as those occurring during the acute phase ofthe illness. Measurements of cardiac output and stroke volume have been made in some patients before leaving hospital (Pritchard and Hellerstein, 1950; Gammill et al., 1955 ; Lee, 1957; Broch et al., 1959;  Thomas, Malmcrona, and Shillingford, 1965b ), but in comparatively few patients have measurements been made over a longer period of two months (Smith, Wikler, and Fox, 1954; Murphy et al., 1963) . In a single report results of investigations made up to three to five months after the acute illness are given (Malmcrona and Varnauskas, 1964) .
The purpose of this study was to define more completely the changes in cardiac output and stroke volume that may occur during the first four months after cardiac infarction. The conclusions are based on 126 hmmodynamic investigations made in conjunction with clinical observations in 22 patients. At each investigation the circulatory response to a standard postural change (Thomas and Shillingford, 1965) was studied.
PATIENTS AND METHODS
Studies were made of 22 patients, 18 men and 4 women, whose ages ranged from 32 to 80 years, mean 57 years. Five other patients in whom the follow-up studies were not completed owing to their death in hospital or during the early convalescent period have been excluded. All patients had a clinical history and electrocardiographic signs typical of myocardial infarction. The serum lactic dehydrogenase was raised in 17 patients. Four patients (8, 9, 11, 15) had had a myocardial infarction in the past. Four (5, 13, 16, 22) were known to have had systemic hypertension before myocardial infarction. Hypertension of varying degree became apparent during the follow-up period in six patients (9, 15, 17, 18, 19, 20) . One (19) suffered from mild diabetes mellitus and three (1, 5, 11) had evidence of chronic bronchitis.
During the follow-up period three patients (7, 11, 13) were treated with digoxin and diuretics; one hypertensive patient (13) received bethanidine; another hypertensive patient (22) received chlorothiazide before the last investigation; and one (16) had a probable further myocardial infarction before the last investigation.
All patients were in sinus rhythm at the time of hamodynamic study.
All 22 patients were studied serially in the early convalescent period and after discharge from hospital. In addition, 14 of the 22 patients were studied during the acute illness, as detailed. Measurements in the acute phase (first week following infarction) were made in a special intensive care unit with equipment permanently installed (Shilhingford and Thomas, 1964) . Subsequent measurements during the early convalescent period (second to fifth week) were conducted in a catheter room and were in general made during the second or third week, as detailed. After discharge from hospital, patients were studied during the periods 4-5 weeks, 6-8 weeks, 9-13 weeks, and 15-22 weeks, with a few exceptions as noted.
Each hxemodynamic study consisted of measurements of heart rate, cardiac output, and arterial blood pressure. Cardiac output was measured by a dye dilution technique (Gabe and Shillingford, 1961; Thomas, Malmcrona, and Shillingford, 1965a) , using the photoelectric earpiece (Cambridge Instrument Co.) and Coomassie Blue dye (I.C.I.) . A known quantity of dye (approx. 50 mg.) was injected from a special syringe (Gabe and Shillingford, 1961) Heart rate was derived from the dye curve by using slightly incomplete pulse rejection on the dye recorder. Arterial pressure was measured by sphygmomanometry.
In six patients (5, 6, 7, 8, 10, 11) 
H&emodynamic Changes
(1) Cardiac Output. Measurements of cardiac output in the acute phase (14 patients) ranged from 2-40 to 6-74 1./min.; at the beginning of the convalescent period (22 patients) from 2-97 to 6-8 1./min. and at the end of the period of follow-up (22 patients) from 3-10 to 6-86 1./min. Acute phase-early convalescence. Of the 14 patients studied in the acute phase, 2 (20, 22) had a cardiac output above 5 1./min., 9 (5, 6, 10, 14, 15, 16, 17, 19, 21) had a cardiac output between 4 0 and 5 0 1./min., and 3 (7, 8, 11) had a cardiac output less than 4 1./min.
Within the period between the acute illness and the first study in the early convalescent period, of the two patients with initial cardiac output above 5 1./min., one (20) showed an increase and the other (22) a fall. Of the 9 patients with initial cardiac output between 4 0 and 5 0 1./min., 4 (6, 10, 14, 16) showed an increase: in patients 10 and 14 this was of the order of 2 1./min. Four (5, 15, 17, 19 ) of these 9 patients showed no change and one (21) showed a fall.
Early convalescence-end of follow-up. All 22 patients were studied serially in the period between early convalescence and the third or fourth month. At the time of the first study in the convalescent period, 12 patients (2, 3, 4, 6, 8, 9, 10, 13, 14, 16, 18, 20) had a cardiac output above 5 1./min. Seven patients (5, 7, 12, 15, 17, 19, 22) had a cardiac output between 4 0 and 5-0 lmin., and 3 (1, 11, 21) had a cardiac output of less than 4-0 1./min.
During the period of follow-up from the second week, of the 12 patients with a cardiac output above 5 0 1./min. in early convalescence, only one (9) showed a further rise. One (6) showed a transient increase and then a fall to the initial level. Four patients (2, 3, 13, 18) showed no change; six (4, 8, 10, 14, 16, 20) showed a fall in cardiac output, but in only 3 (14, 16, 20) (Group 3) . Changes in stroke volume in patients who had values within these ranges at the first study in early convalescence are illustrated in Fig. 1, 2 , and 3.
Measurements of stroke volume in the 14 patients studied in the acute phase ranged from 20 to 87 ml., in all 22 patients at the beginning of convalescence from 38 to 97 ml., and at the end of the period of follow-up from 35 to 105 ml.
Acute phase-early convalescence. Measurements of stroke volume in the acute phase in the 14 patients previously detailed, as compared with the first measurement in early convalescence, showed the following changes. Of 3 patients (14, 16, 20) with a lowest value of stroke volume in the acute illness of above 60 ml., one (14) remained of the same order and two (16, 20) subsequently showed an increase. Of 9 patients (5, 6, 8, 10, 15, 17, 19, 21, 22) with stroke volume between 40 and 60 ml. in the acute phase, 6 (5, 6, 8, 10, 15, 17) Early convalescence-end of follow-up. Thirteen patients (2, 3, 4, 5, 6, 8, 9, 10, 13, 14, 16, 18, 20) had a stroke volume greater than 60 ml. at the first investigation in early convalescence. Of these, 4 (5, 8, 9, 13) showed a further increase, 5 (2, 3, 6, 10, 14) showed no change, and 4 (4, 16, 18, 20) Two patients (7, 11) had a stroke volume between 20 and 40 ml. (38 and 37 ml., respectively) when studied during the second week. In 7 a period of temporary clinical improvement following treatment with digitalis and diuretics was associated with an increase of stroke volume from 38 to 74 ml. Subsequent deterioration with a fall in stroke volume to 35 ml. occurred after discharge from hospital. In patient 11 the stroke volume at the end of the follow-up period was 62 ml.
(3) Heart Rate: Acute phase-early convalescence.
Heart rate in the acute phase (14 patients) ranged from 55 to 120/min. Six patients (5, 7, 11, 17, 19, 22) had heart rates above 85/min., five (6, 15, 16, 20, 21) between 70 and 85/min., and three (8, 10, 14) between 55 and 70/min. Within the time between the acute illness and the first investigation of the convalescent period there was a general tendency for high and low heart rates to revert to the normal range. Patients with heart rates in the range 70-85/min. during the acute illness showed little change.
Heart rates at the time of the first study of the convalescent period were within the range 70-85/ min. in all patients except six (2, 7, 8, 18, 19, 22 group.bmj.com on July 7, 2017 -Published by http://heart.bmj.com/ Downloaded from 8Nager, Thomas, and Sbillingford Early convalescence-end of follow-up. During the period of follow-up from the second week the 16 patients with heart rate in the range 70-85/min. at the beginning of convalescence behaved as follows. Eight (1, 3, 4, 6, 9, 10, 16, 21) showed no significant change in heart rate; seven (5, 11, 12, 13, 14, 15, (4) Blood Pressure. In all except five patients (1, 2, 3, 4, 7) the blood pressure increased during the period of study. In some (9, 15, 17, 18, 19, 20) hypertension appeared to varying degrees. Four patients (5, 13, 16, 22) with known previous hypertension either maintained or ultimately reached high levels of arterial pressure. Patient 13 was treated with bethanidine throughout the study and patient 22 was given chlorothiazide for control of arterial pressure between the studies of the eleventh and sixteenth weeks.
CIRCULATORY RESPONSE TO A STANDARD POSTURAL CHANGE
The changes in cardiac output, heart rate, stroke volume, and blood pressure, which resulted from the standard postural test conducted at different stages in the follow-up period, are given in the Table. Patients were placed in three groups on a basis of the stroke volume found at the first investigation of the follow-up period (second week in most patients). Group I consists of patients with stroke volume greater than 60 ml. in the 200 feet down position; Group 2 consists of those with stroke volume between 40 and 60 ml., and Group 3 those with stroke volume less than 40 ml. Group I. Patients 2, 3, 4, 5, 6, 8, 9, 10, 13, 14, 16, 18 , and 20 were placed in this group. The average stroke volume of these patients at all investigations conducted between the second week and the end of the follow-up period was 80-8 ml. The average stroke volume in the second position of the posture test was 99 0 ml. The (Fig. 6) . The average stroke volume of these two at all investigations conducted between the second week and the end of the follow-up period was 51 -8 ml. The average stroke volume in the second position of the posture test was 48 -8 ml. The average percentage change of stroke volume was a fall of 6. 866 group.bmj.com on July 7, 2017 -Published by http://heart.bmj.com/ Downloaded from In patient 7 a transient clinical improvement was associated with increased stroke volume but thereafter the stroke volume remained low. Stroke volume either showed little change or decreased after change of posture. Patient 11 showed a progressive increase in stroke volume from 37 to 62 ml. but stroke volume fell on every occasion after posture change.
CORRELATION OF HmMODYNAMIC MEASUREMENTS WITH CLINICAL FEATURES
The cardiovascular physical signs and radiological features that were present at the time of hemodynamic investigations were routinely recorded. Particular note was made of auscultatory signs, the presence or absence of a raised jugular venous pressure, radiological evidence of cardiac enlargement, and signs of pulmonary venous hypertension and pulmonary cedema. Clinical features suggesting ventricular aneurysm were also noted. Results are presented with reference to the findings at the first study in the early convalescent period and patients are divided into three groups. Group I: patients with stroke volume greater than 60 ml. at this time. Group II: patients with stroke volume between 40 and 60 ml. Group III: patients with stroke volume less than 40 ml.
Ausculatory Signs
Group I: Patients 2, 3, 4, 5, 6, 8, 9, 10, 13, 14, 16, 18, and 20 were placed in this group. Seven of them were studied in the acute phase at which time four (5, 6, 14, 16) had a fourth heart sound, but this was lost by the time of the first convalescent study.
Three (8, 13, 18) had a fourth heart sound at the first study in early convalescence. In patient 8 this was lost after five weeks, but in patients 13 and 18 it persisted throughout the whole period of study. Patient 13 had systemic hypertension and patient 18 had clinical evidence of a ventricular aneurysm. Patient 16 had a fourth sound in the acute illness, lost it until the seventh week, when it returned, ultimately to persist. This patient had systemic hypertension. Patient 20 developed a fourth sound at the end of the period of study; he also had systemic hypertension.
Group II. Patients 1, 12, 15, 17, 19, 21, and 22 were placed in this group. Five of them were studied during the acute phase. Four (15, 17, 19, 21 ) had a fourth sound at this time; patient 17 had a third sound also. Patient 22 had a third sound during the acute illness.
At the time ofthe first study in early convalescence, five (1, 12, 16, 17, 21) had a fourth sound which was lost permanently during the period of study in 3 (1, 15, 17) and temporarily in one (21). In 2 of these 3 patients (1, 17), stroke volume was increasing during the period in which the fourth heart sound was lost and in patient 21 stroke volume increased at the time the fourth sound reappeared. In patient 22, in whom the arterial pressure rose to hypertensive levels during the follow-up period, a fourth sound appeared at the sixteenth week.
Group III. Patients 7 and 11 were placed in this group. Both of them were studied in the acute phase at which time patient 7 had fourth and third heart sounds and 11 a third heart sound.
At the first study of the convalescent period patient 7 had a fourth heart sound which persisted until the 20th week; from the eleventh week a third heart sound was present. General clinical improvement with a greater stroke volume was present during the time in which the third heart sound was absent. Patient 11 had a third heart sound during the whole period of study, at the end of which some small clinical improvement in terms of exercise tolerance and greater improvement in stroke volume was evident.
Raised Jugular Venous Pressure
Five (6, 7, 11, 21, 22) of the 14 patients studied during the acute phase had a jugular venous pressure 5 cm. or more above the sternal angle at that time.
At the time of the first study in the convalescent period only 3 (7, 11, 18) had a raised jugular venous pressure. In patient 18, who had a functional cardiac aneurysm, the venous pressure was normal at subsequent studies. Patients 7 and 11, in whom the venous pressure remained raised to some extent for many weeks, had stroke volumes of less than 40 ml. at the beginning of the convalescent period and of 35 and 62 ml., respectively, at the end of the period of study (Fig. 3) .
Heart Size
At the time of the first study in convalescence 7 patients (5, 7, 11, 12, 13, 15, 16) had radiological evidence of cardiac enlargement. This was particularly noticeable in 7 and 11 in whom the stroke volume was less than 40 ml. The stroke volume in the others ranged from 52 to 73 ml. Three (5, 13, 16) suffered from systemic hypertension and in 2 (12, 15) the blood pressure was significantly high at some stage in the follow-up period. 867 group.bmj.com on July 7, 2017 -Published by http://heart.bmj.com/ Downloaded from
Radiological and Clinical Evidence of Pulmonary Venous Hypertension and Pulmonary Oedema
At the time of the first study in early convalescence only 2 patients (7, 11) had evidence of pulmonary venous hypertension which persisted during the whole of the period of study. Both had other clinical and h.modynamic evidence of poor cardiac function, with stroke volume of less than 40 ml. at the beginning of the follow-up period.
Ventricular Aneurysm
Four patients (2, 12, 13, 18) had evidence of a functional ventricular aneurysm. All had a pathological precordial pulsation and paradoxical ventricular movement as shown by screening. Three (12, 13, 18) had persistent S-T segment elevation in the electrocardiogram. The stroke volume at the beginning of the convalescent period was 88, 52, 62, and 87 ml., respectively. Three patients (2, 12, 13) responded to postural change by an increase in stroke volume but patient 18 showed only a very small stroke volume change. Patients 12, 13, and 18 had a persistent fourth heart so'und but also had systemic hypertension.
DISCUSSION
The long-term changes in the circulation which may follow myocardial infarction have not received the attention that has been directed towards the events of the acute illness. It may be that a knowledge of the circulatory changes occurring during the first months after myocardial infarction in relation to the physical signs shown by patients may assist in their clinical management and also aid in the assessment of prognosis with respect to physical activity.
Previous studies (Murphy et al., 1963) The patterns of change in stroke volume showed trends which may be distinct. Nearly all patients who achieved a stroke volume above 60 ml. during the follow-up period reached this level by the second week. Further change after the second week in these patients was variable, but in only two patients, in whom hypertension and further myocardial infarction may have been important, did stroke volume subsequently fall below 60 ml. This group of patients with the highest stroke volume showed the greatest and most rapid increase in stroke volume during the period between the acute illness and the second week. Their behaviour differed from that of the patients with a lower stroke' volume at the second week who also had reduced stroke volume during the acute illness but in whom increase in stroke volume was much slower. In these latter patients, approximately half had stroke volumes less than 60 ml. at the end of the period of study. It appears, therefore, that assessment of patients at the second or third week gives a useful indication of prognosis with regard to stroke volume.
There was some relation between the severity of the acute illness in terms of degree of cardiovascular failure and the subsequent behaviour of stroke volume; in general an uncomplicated illness carried a good prognosis and overt cardiovascular failure a poor prognosis with respect to the stroke volume ultimately achieved. The essential reason for the difference in behaviour in stroke volume was not apparent from the study. A simple explanation in terms of bulk of myocardium affected by infarction 868 group.bmj.com on July 7, 2017 -Published by http://heart.bmj.com/ Downloaded from was denied by the levels of serum lactic dehydrogenase and the extent of electrocardiographic changes. There was no apparent relationship to a history of previous myocardial infarction. It was notable, however, that the mean age of the patients with stroke volume above 60 ml. in early convalescence was about a decade lower than those in whom it was below 60 ml. (52 years; 63 years). Age may therefore be one factor tending to limit cardiac function after myocardial infarction.
The clinical features shown by the patients at the different times of study after the second week were in accord with the results of the haemodynamic measurements made, and in general reflected the level of stroke volume and degree of ventricular functional disease. Patients with normal stroke volume usually had normal cardiovascular physical signs though a fourth heart sound was present in those patients with systemic hypertension or ventricular aneurysm. In the absence of hypertension or signs of ventricular aneurysm, the presence of a fourth heart sound was a good indication of some reduction in stroke volume though not necessarily of a severe degree. A third heart sound persisted after the second week, -however, which indicated ia much reduced stroke volume and was associated with other clinical features suggesting very poor cardiac function.
Cardiac size was difficult to evaluate between the period, of the acute illness and convalescence, since the initial x-ray films were taken with patients in the supine position using a ward unit, and, subsequent to the patient's mobilization, films were taken in the standing position. From the second week onward, when the technique was standard, it seemed apparent that cardiac size was normal or possibly only slightly enlarged in most non-hypertensive patients including those with moderately reduced stroke volume. Systemic hypertension was associated with cardiac enlargement in patients with normal stroke volume, but in people with normal blood pressure obvious cardiac enlargement was present only when stroke volume was very low.
The stroke volume response to a standard postural change was studied in all patients, with a view to exploring its use as a test of ventricular function. As had been observed in previous work (Thomas and Shillingford, 1965) , there was a general relation between the ability to increase stroke volume and ventricular function, as assessed by the resting stroke volume and clinical criteria, but the test did not seem suitable for evaluating minor changes in cardiac function in individual patients. One patient with a ventricular aneurysm but a normal resting stroke volume failed to respond to the test, and in others the magnitude of the stroke volume response did not show a constant relation to the resting stroke volume. The irregularities may imply a multiplicity of factors involved in the test itself or possibly reflect a variety of types of ventricular dysfunction.
SUMMARY
Serial heemodynamic measurements and clinical observations were made at regular intervals during the first four months after acute myocardial infarction in 22 patients. The natural course of changes in cardiac output and stroke volume was found to differ in patients who eventually had good cardiac function as compared with those in whom a cardiac functional defect remained. Increase in stroke volume was most rapid in those patients who returned to a normal stroke volume, and occurred much more slowly in those patients who failed to return to normal. Correlations between h.modynamic findings and clinical signs were found and are given in detail.
The use of a standard postural change as a test of cardiac function was explored and its place in objective assessment of the circulation was discussed.
